Cerium and tin co-doped cadmium zinc sulfide nanoparticles (CdZnS:Ce)Sn were synthesized by chemical bath deposition method with a fixed concentration of Ce (3.84 mol%) and three different concentrations of Sn (2 mol % and 4 mol% and 6 mol%). They showed broad photoluminescence spectra in the visible region under the ultraviolet excitation with a wavelength of 325 nm. The photoluminescence emission peaks were obtained at 540 nm, 560 nm and 570 nm for CdZnS, CdZnS:Ce and (CdZnS:Ce)Sn thin films, respectively having different concentrations of Sn. It has been observed that the photoluminescence emission peak shifted to higher wavelength region with an increase in intensity by Ce doping and Ce-Sn co-doping. Further enhancement in luminescence peak intensity has been observed by increasing concentration of Sn in (CdZnS:Ce)Sn films. Average crystallite size, measured from XRD data, was found to be increased with increasing concentration of Sn. An increase in the concentration of Sn shifted the UV-Vis absorption edge toward the higher wavelength side. Energy band gap for undoped CdZnS and Ce-Sn co-doped CdZnS varied from 2.608 eV to 2.405 eV. The SEM micrographs of CdZnS and (CdZnS:Ce)Sn films showed the leafy-like and ball-like structures. The presence of Sn and Ce was confirmed by EDAX analysis.
Introduction
The thin film solar cell is a major branch of solar cell research due to its potential applications for photo-detectors, thin-film transistors, and solar cells [1] . Selection of window layer material plays an important role in the overall performance of the thin film solar cell. Wider band gap and higher optical transmittance are two fundamental properties the material must possess to act as a window layer in a solar cell. CdS is currently used in Cu(In,Ga)Se 2 and CdTe thin film solar cells for the junction formation [2, 3] . Dense, high quality nanocrystalline CdS thin films were deposited by microreactor-assisted solution deposition (MASD) method [4] . However, CdS absorbs the blue portion of the sunlight and decreases the short-circuit current of the solar cell. CdZnS is a promising candidate for replacing CdS as a window layer in solar cells [5] . Its optical band gap is relatively wider than the band gap of CdS and can be tuned from * E-mail: subhash_2911@rediffmail.com 2.42 eV to 3.60 eV by controlled addition of Zn [6] . It also provides higher optical transmittance than CdS that, in turn, increases the short-circuit current of the solar cell [7] [8] [9] [10] . CdZnS is also known to show bright luminescence upon rare-earth doping. This creates new opportunities for luminescence research and also for the application of nanometerscale structured materials. Thin films of cadmium zinc sulfide (CdZnS) and its nanostructures have gained great attention, both theoretically and experimentally, because of its potential application in optoelectronic devices.
The challenge is to control and tune the structural, electrical and optical properties of these materials according to the need of a particular application. An effective and interesting way to tune the electrical and optical properties is to dope some amount of metal into these wide band gap materials. By metal and rare earth doping in form of nanoparticles, absorption can be enhanced in terms of surface plasmon resonance of metal nanoparticles. Metal and rare earth doping offers the possibility to modify materials which could not 578 RITU SHRIVASTAVA et al.
be achieved by other conventional methods. CdZnS with rare earth doping shows an emission peak in the blue or green region. In order to enhance the PL emission wavelength, doping of Tl + type impurity centers, like Tl 2+ , In 2+ , Sn 2+ , Pb 2+ , Sb 3+ and Bi 3+ , is required. The enhancement in PL-emission and structural properties of Sn doped CdZnS films was also reported in the literature [11] . It was also reported earlier that doping of Sn with Ce can enhance photoluminescence properties of CaAl 2 S 4 crystals [5] . It has been already reported that Ce atoms replace Cd 2+ ions in Ce-doped CdZnS [12] . When another element is co-doped along with Ce, also as an additional dopant acting independently of Ce, the element which is located at Cd 2+ site prefers to avoid interaction with Ce.
In this work, Sn and Ce were selected as doping elements, which are expected to locate at the Cd 2+ site with charge neutrality, and the optical properties, particularly the photoluminescence of Sn and Ce co-doped CdZnS films were studied. Additionally, the films were also characterized by X-ray diffraction (XRD), UV-Vis absorption spectroscopy, scanning electron microscopy and elemental analysis through EDAX. (CdZnS:Ce)Sn thin films were found to retain the beneficial optical properties for application as a window material in solar cells.
Experimental
All the chemicals used were of analytical grade. For synthesis of (CdZnS:Ce)Sn, an appropriate amount of 1 molar solution of cadmium acetate, zinc acetate and thiourea were added into a 50 mL beaker. TEA was used as a complexing agent and CdCl 2 of 0.01 M was used as a flux. 30 % aqueous ammonia was used to maintain the pH value of the solution at ∼9. 3.84 mol% of 0.01 M solution of Ce 2 O 3 prepared in concentrated H 2 SO 4 was used as rare earth impurity. The reason for selection of this Ce concentration was that the PL emission intensity was found to be maximum and energy band gap was found to be minimum at this concentration [12] . For doping of Sn 2+ , 0.01 M aqueous solution of SnCl 2 has been used. Tin (II) chloride can be dissolved in the mass of water less than its own mass. But as the solution is diluted, hydrolysis occurs, which leads to forming an insoluble salt. Therefore, to prepare clear solution of tin (II) chloride, dilute HCl was used. The solution was added and stirred well. The mixture was kept in a water bath for 1 hour at 60°C temperature. The films were then formed on a microscopic glass substrate of dimension 24 mm × 75 mm by dipping it in the mixture vertically. The prepared sample was washed several times by double distilled water to remove the unreacted reagents and dried at room temperature. The thickness of the films was measured by the multiple-beam interference method and was found to lie in the range of 0.1 µm to 0.9 µm. The resulting transparent and pale yellow films presented high adherence to the substrate and bright surfaces. The reaction procedure for the synthesis of CdZnS thin films may be described by the following steps.
Ammonia formation takes place according
to the reaction:
2. Cadmium salts reaction with the reagent (TEA) to form metal complex:
In the basic aqueous medium this complexing anion decomposes and we get Cd 2+ ions as follows:
3. Formation of Zn 2+ ions:
In the basic aqueous medium this complexing anions decompose and we get Zn 2+ :
4. Sulfide ions are released due to decomposition of thiourea in an alkaline medium. It is described by the following chemical reactions:
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The optical absorbance spectra for all samples were obtained using a Cary Bio 50 Varian UV-Vis spectrophotometer. Crystal structure of the sample was analyzed by using a monochromatic CuKα radiation (λ = 1.540600 Å) and an aperture diaphragm of 0.2°, with a Rigaku RU:H2R X-ray diffractometer. An EDAX study was made using a JEOL JSM 5600 scanning electron microscope. The PL excitation source was a high pressure Hg source from which 365 nm radiation was selected by using Carl Zeiss interference filter. An RCA-6217 photomultiplier tube operated by a highly regulated power supply was used for detection of PL light emission. The integrated light output in the form of current was recorded by a sensitive Polyflex galvanometer (10 A/mm to 9 A/mm). A prism monochromator was used for PL emission spectral studies.
Results

Photoluminescence studies
The effect of Sn doping concentration on the CdZnS:Ce for selected Ce concentration of 3.84 mol% has been studied and it has been found that by co-doping of Sn and Ce the blue-green emission of Ce ions was superimposed on the spectra of Sn and the PL emission intensity increased. Fig. 1 shows the PL spectra of CdZnS, CdZnS:Ce and (CdZnS:Ce)Sn for varying Sn 2+ concentration of 2 mol%, 4 mol% and 6 mol%. The PL emission peaks were obtained at 540 nm, 560 nm and 570 nm, for CdZnS, CdZnS:Ce and (CdZnS:Ce)Sn thin films, respectively. The spectra generated by CdZnS display strong peaks centered at around 540 nm and 440 nm. The strong and narrow emission peak at 540 nm may be due to the band to band transition. The peak near 440 nm may be attributed to a higher level excitonic emission caused by quantum confinement effect. Similar peaks for CdS were reported by Devi et al. [13] at 376 nm, Bhushan et al. [14] at 366 nm and Maleki et al. [15] at 340 nm with similar explanation. According to them, this kind of band edge luminescence is caused by recombination of excitons and shallowly trapped electron-hole pairs. The PL emission peak has been observed at 560 nm and 440 nm for 3.84 mol% of Ce. The shift in emission peak for band to band transition is attributed to the 5d → 4f transitions of Ce 3+ . The emission peak for Ce doped CdZnS sample shifts to a higher wavelength region with higher intensity as compared to the base material CdZnS. Thus, it confirms that luminescence properties of the nanoparticles get enhanced when Ce 3+ is introduced into the lattice. In order to avoid direct excitation into 3 P j (J = 0, 1, 2) levels of Sn 2+ , we used 325 nm wavelength to excite the upper 5d state of Ce 3+ . Besides the rapid transition to the lowest 5d state, the upper 5d state of Ce 3+ may have additional two possible pathways for excitation, which are radiative transition to the ground state and energy transfer to the 3 P j state of Sn 2+ as shown in Fig. 2 . Due to the transition 3 P j → 1 S 0 for Sn 2+ in (CdZnS:Ce)Sn film, the PL emission peak at 570 nm appears. It has been observed that the photoluminescence emission around 570 nm gets enhanced by increasing the concentration of Sn in (CdZnS:Ce)Sn films which show crystalline structure. The enhanced PL emission intensity was assumed to be due to energy transfer from Ce 3+ to Sn 2+ in the CdZnS host.
XRD studies
XRD patterns of CdZnS, CdZnS:Ce and (CdZnS:Ce)Sn for varying concentration of Sn are shown in Fig. 3 . The diffraction peak found for (1 1 1) confirms the cubic structure and peaks (1 0 0), (1 1 0), (0 0 2), (2 1 1), (2 2 0) show the hexagonal structure of the samples according to standard JCPDS Card No. 24-1137(cubic) and JCPDS Card No. 49-1302 (hexagonal). Table 1 that the diffraction peaks positions shift to higher diffraction angles with increasing concentration of Sn. The diffraction patterns show that the intensities of diffraction peaks decline as Sn concentration increases. This indicates that the average crystallite size of CdZnS where β is full width at half maxima (FWHM) in radians, λ the X-ray wavelength of 1.54060 Å and θ the Bragg diffraction angle. The crystallite size increased with the increasing doping concentration which was related to strain. The slight increase in the crystallite size may be due to the substitution of larger ionic radii Sn 2+ (1.18 Å) in place of smaller ionic radii Cd 2+ (0.95 Å) in the crystal lattice. The observed changes of strain are due to the increase in crystallite size. 
It is clear from
UV-absorption spectra.
The UV-absorption spectra of CdZnS and CdZnS with Ce and Sn co-doped films are shown in Fig. 4 . The optical absorption measurements were performed at room temperature and the optical spectra of thin films were recorded in the wavelength range of 450 nm to 800 nm. Absorption edge of CdZnS and CdZnS:Ce with Sn 2 mol%, 4 mol% and 6 mol% thin films has been found at the wavelength of 468 nm, 472 nm, 491 nm and 505 nm, respectively. It is clear from the spectra that the absorption peaks shifted to the higher wavelength region. The optical absorption studies revealed that the films are highly absorptive and have direct type of transitions, which allowed determination of optical band gap by the following Tauc relationship:
where α is the absorption coefficient, A is a constant and hν is the radiation energy. Energy band gap has been estimated by plotting (αhν) 2 versus hν in Fig. 5 . The band gap for (CdZnS:Ce)Sn films was found to be considerably decreased by co-doping of Ce 3+ with Sn 2+ . In the present case, the calculated value of E g for Cd x Zn 1−x S thin films for x = 0.8 is 2.608±0.05 eV. With increasing concentration of Sn in (CdZnS:Ce)Sn films, the energy band gap decreased and was found 2.536±0.05 eV, 2.448 ± 0.05 eV and 2.405±0.05 eV for 2 mol%, 4 mol% and 6 mol% of Sn doping. This decrease in band gap value with increasing dopant concentration is due to the creation of a donor level in the forbidden zone near the conduction band due to the doping of Sn 2+ . The absorption spectra of Ce and Sn co-doped thin films shifted to lower energy and higher wavelength region due to the larger charge density of Sn. 
EDAX spectra
An EDAX spectrum for the (CdZnS)Ce:Sn thin film is shown in Fig. 6 . This figure shows the presence of major chemical elements, namely cadmium, sulfur, zinc, cerium and Sn. The peak corresponding to cerium and Sn is found in the spectrum which confirms the presence of cerium and tin. The elemental composition for Ce and Sn codoped CdZnS is given in 
Scanning electron microscopy study
SEM micrograph of the CdZnS film surface is shown in Fig. 7 and (CdZnS:Ce)Sn film surfaces with 2 mol%, 4 mol% and 6 mol% Sn are shown in Fig. 8, Fig. 9 and Fig. 10 , respectively. The SEM image of CdZnS film shows that the film is compact and free of colloidal particles. The plane view of SEM micrographs of (CdZnS:Ce)Sn films shows the leafy and ball-like structure. According to the previous report, the leafy-like or fiber-like structure is caused by the less number of OH (hydroxy) and OR (alkoxy) groups. Thus, a relatively smooth surface can be obtained when the component materials can provide enough OH and OR groups. The sizes of grains were in the same range that shows homogeneous distribution of Sn dopant in the films. Increasing the dopant concentration led to grain growth. The surface grain size became larger with less void areas, which led to the formation of high quality film surfaces. This SEM micrograph also reveals that Sn doping of CdZnS films can increase the average crystallite size. The grain sizes determined by IMAGE J software are 3.322 nm, 9.679 nm, 11.137 nm and 28.01 nm for CdZnS and (CdZnS:Ce)Sn with 2 mol%, 4 mol% and 6 mol% Sn films, respectively. The result agrees with XRD measurements. 
Conclusions
It has been observed that the PL emission intensity around 570 nm gets enhanced by co-doping of Sn and Ce into CdZnS. It was explained by the energy transfer from Ce 3+ to Sn 2+ in the CdZnS host. The luminescence study revealed that the emission peak shifted from 540 nm to 560 nm due to Ce doping and from 560 nm to 570 nm by Ce-Sn co-doping in CdZnS films. Intensity of PL emission peak also increased with increasing Sn concentration which shows some improvement in crystallinity. Appearance of new peaks at shorter 584 RITU SHRIVASTAVA et al. wavelength resulted from quantum confinement effect. Analysis of XRD pattern revealed both cubic and hexagonal structure of (CdZnS:Ce)Sn films. The study of XRD peak positions showed that the cubic and most of the hexagonal peaks shifted to higher diffraction angle when codoped with increasing Sn concentration. By the study of UV-absorption spectra it was revealed that absorption peak shifted to higher wavelength region for Ce-Sn co-doping. It was observed that energy band gap decreased with increasing concentration of Sn. The clear peaks of Sn and Ce in EDAX spectra showed the incorporation of Sn and Ce into the crystal lattice. The SEM micrographs of (CdZnS:Ce)Sn films showed the leafy-like structure.
